Men are notable for low sperm production, relative to that of other large mammals, and often inferior morphology and motility of their spermatozoa. The extent to which temperature plays a role in this picture has been a moot point. However, animal experiments suggest that an increased scrotal temperature of approximately +48C brought by inguinal clothing has a negative impact on the germinal epithelium and on the epididymis in man. In two animal species with inguinal testes, their transposition to the abdomen, raising the testis temperature by a modest approximate 1.58C brought reduced sperm production and abnormalities of spermiogenesis (distorted sperm nuclei, shared acrosomes), a picture seen commonly in man alongside morphologically normal spermatids. Reflection of the scrotal epididymis to the abdomen in laboratory animals did not inhibit sperm maturation there, but the consequences of this for other epididymal parameters are mirrored in several features seen in man. In addition to the typically puny form of the human cauda, these include often rapid epididymal sperm transit, rapid capacitation in vitro, a poor sperm reserve (as reflected in the steep decline in sperm numbers in successive ejaculates), and not least, the cauda's failure to maintain the viability of spermatozoa there (reflected in both their mixed potential for motility and the negative outcome of abstinence). Because the number of competent spermatozoa inseminated relates to prompt fertilization and/or incidence of pregnancy in some animal models, the negative effects of scrotal temperature may be an important factor in the need for an average of approximately five cycles of unprotected intercourse in order to establish pregnancy in human females.
INTRODUCTION
The spermatozoa of man conform in general to the distinctive design of spermatozoa in other eutherian mammals, but certain characteristics set human spermatozoa apart. In flat profile, the sperm head is reminiscent of a dumbbell, it has no perforatorium, and its protamine contains only approximately 8 mol% cysteine compared to approximately 12% in most eutherians, making the human sperm head less rigid. These qualities suggest that the human sperm head is among the least well adapted for physical thrust during fertilization, perhaps in keeping with the fact that the human zona is not hardened in the oviduct [1] . As for their behavior, while highly motile mature spermatozoa of most eutherian mammals tend to agglutinate by the periacrosomal surface in serum-containing media and to adhere nonspecifically to a foreign zona pellucida [2] , those of man do not. However, another distinguishing feature is the well-documented overall inferior quality of the sperm population in human ejaculate. This is reflected in the number produced/testis mass, in percent of sperm motility, and particularly in the incidence of abnormal sperm morphology. Even in morphologically normal human spermatozoa, the structural character of the nucleus is unusually diverse [3] .
Abnormal morphology in the sperm population is not unique to man; this is seen in, for example, the bandicoot rat Bandicota indica [4] , in many felids [5] , in the naked mole-rat, Heterocephalus glaber [6] , and gorilla [7] . However, there is currently a sense based on many reports that the quality of human ejaculate may have deteriorated further in recent years. Although the overall basis for this putative decline has yet to be resolved [8] , in considering this point a possible role for environmental chemicals has been reviewed recently [9, 10] , and it has been suggested that such a trend may even be determined prenatally in some cases [11] . However, the parallel effects of temperature on the male tract in animals outlined below suggest strongly that, if not the only factor, temperature is an important determinant of the generally poor quality of the sperm population in human ejaculate. In the testis, certainly, body temperature has a negative effect, often reflected in apoptosis, on pachytene spermatocytes, early spermatids, and to a degree on spermatogonia and even Sertoli cells but apparently not the Leydig cell population [12, 13] .
From all we know about the performance of spermatozoa, the generally inferior quality of human ejaculate must compromise men's fertility. The stress of the higher temperature in some working environments and, particularly, the higher scrotal temperature generated by clothing are often mentioned as possible causative factors in this regard. The possible impact of clothing and life style has often been debated [14, 15] , and this issue has remained very much in the ''maybe'' column, not least because of the lack of observations in men who traditionally wear little or no clothing. Indeed, the pleiomorphism of gorilla spermatozoa led Seuánez [7] to conclude that clothing-induced hyperthermia is unlikely to account for the poor quality of human ejaculate. Moreover, the inferior quality of human sperm has recently been linked also to an absence of the selective forces supposedly brought by sperm competition [16] . However, as outlined below, the parallel outcomes of temperature imposition in animal models seem to provide compelling evidence that the elevated temperature brought by clothing has a negative effect on both spermatogenesis and the epididymis that is reflected in the character of the ejaculate in man.
TEMPERATURE AND THE TESTIS
Some years ago, in broad agreement with measurements by others [17] , using sensitive copper/constantan thermocouples, we recorded in 6 men the fact that a temperature of 298C-308C over the lower pole of the naked scrotum is raised consistently to 338C-348C when clothed. The scrotal temperature drifts somewhat higher to approximately 368C when sitting with legs crossed and perhaps farther in bed [18] . However, Ivell [19] suggested that more substance is needed for the circumstantial evidence that clothing-related elevation of scrotal temperature is a major factor underlying the poor quality of human ejaculate. Experiments conducted in animal models seem to provide that substance, first, in the outcome of moderate temperature elevation on the testis.
Because of the difficulty of raising the temperature of the scrotal testis modestly in the long term, we selected two species whose testes are located in an inguinal position, namely the musk shrew (Suncus murinus) and the degu (Octodon degus). When their testes and epididymides were reflected up into the abdomen, the testis temperature measured by copper-constantan thermocouples rose by only approximately þ1.58C [20] , and based on the figures of Contreras and Rosenmann [21] , that of the cauda epididymidis probably was somewhat higher. After some weeks, the cryptic testis was slightly smaller than the contralateral control, and its germinal epithelium displayed anomalies of spermiogenesis such as distorted sperm nuclei or shared acrosomes [20] , which are common in ''normal'' human testes [22] . Furthermore, the sperm population in the cryptic cauda epididymidis was not only reduced but was mixed in terms of its morphology and motility, as in man. Even so, some cauda spermatozoa displayed good motility and normal morphology [20] , suggesting that the effects of moderate temperature elevation possibly can vary from germ cell to germ cell.
TEMPERATURE AND THE EPIDIDYMIS
The imposition of body temperature has multiple effects on the scrotal epididymis. Because cryptepididymal males (those with epididymides reflected to the abdomen, leaving the testis in the scrotum) can establish pregnancies [23] , it is important to note that deep body temperature does not inhibit epididymal sperm maturation per se. Nonetheless, an impact of the temperature level created by clothing on the state of the human epididymis, particularly the cauda region, is suggested by its resemblance in several respects to that in cryptepididymal animals. In the latter, this imposition hastens epididymal sperm transport [23] and modifies the ionic [24] and protein profile of the caudal milieu [25, 26] , compromising its ability to prolong sperm viability. In addition, as demonstrated in hamsters, temperature suppression of the epididymis reduces the time required for sperm capacitation [27] . Body temperature also reduces the duct diameter and length and so storage capacity of the cauda (Fig. 1) [28] . Not surprisingly, in rats this last outcome was reflected in significantly fewer spermatozoa BEDFORD produced in an ejaculate series, notwithstanding a normal testis' production ( Fig. 2) [29] .
Several such features of the temperature-suppressed animal epididymis seem to be mimicked in man. Many spermatozoa are transported relatively rapidly through the human epididymis [30] , and experience with in vitro fertilization indicates that a subset of ''swim-up'' human spermatozoa become capacitated rapidly in vitro. An inability of the human cauda to maintain sperm viability is reflected, paradoxically, in a lower percent motility of spermatozoa released from the cauda than spermatozoa from the corpus region [31] . Linked to this and unlike the picture in animals, prolonged abstinence in man results in a much lower percent of motility in the ejaculate [29, 32] , an outcome implied also by the lower percent of motility in ejaculates of grandfathers versus those of young fathers [33] . Finally, the storage capacity of the anatomically puny human cauda proves to be minimal compared to that in scrotal animal models. This deficit is reflected in a precipitous decline in the sperm number in successive human ejaculates (Fig. 3) [29] , a mirror of that seen with repetitive mating in the cryptepididymal rat (Fig. 2) [29] .
DISCUSSION
With rare exceptions [34] , subjection of the scrotal testis to body temperature is completely suppressive to spermatogenesis. However, a moderate elevation of testis temperature in animal models produced a mixed picture, close to that seen in the germinal epithelium of contemporary man. In the case of the epididymis also, its functional characteristics in man mirror in several respects the depressed state brought by its subjection to body temperature in species such as rat and rabbit. These experimental outcomes in regard to the testis and epididymis suggest strongly that the inferior quality of human ejaculate relates, at least in major part, to the effect of an elevated scrotal temperature brought by clothing, with work-related heat stress as an added element in some cases [15, 35] . At the same time, the cryptepididymal animal model offers a way to investigate the suggestion that epididymal sperm maturation and storage at higher than normal temperatures can lead to a higher mortality in embryos fathered by such spermatozoa [36] .
Although cryptepididymal animals can establish a pregnancy, as can most men, the number of competent spermatozoa inseminated may influence both the timing of fertilization and the incidence of pregnancy. However, the significance of the HUMAN SPERMATOZOA AND TEMPERATURE sperm number produced in many mammals has often been debated [37] . According to Chang [38] , a second ejaculation does not enhance fertility in an induced ovulator such as the rabbit, but in the rat, a mating sequence rather than just one ejaculation clearly favors sperm colonization of the oviduct ampulla and early fertilization [39] , a result seen clearly even in the outcome of 1 versus only 2 ejaculations [40] . An advantage related to the cumulative sperm number inseminated is suggested also in some large animals. For example, in horses, better pregnancy rates followed multiple ejaculations [41] , and it appears that there are often too few spermatozoa in a first ejaculate to ensure an optimal rate of conception in sheep [42, 43] . Thus, the relatively poor quality of the ejaculate may have profound implications for fertility in man. Mimicking the effects of an elevated temperature on both the germinal epithelium and cauda epididymidis in animals, the inferior quality of human ejaculate may contribute to the fact that, on average, a pregnancy is established only after unprotected intercourse for approximately 5 mo.
Given that the number of spermatozoa inseminated often relates to fertilization success, it is noteworthy also that, on the basis of weight, human testes produce only approximately 25% of the number generated in many animals [44] . This deficit and other putative effects of temperature may well have been exacerbated in recent years by a change from a more physical life style in earlier times to the more sessile posture involved, for instance, in watching television [45] , driving [46] , or working on a laptop computer [47] . Where the quality of the ejaculated spermatozoa appears to preclude establishment of a pregnancy, in vitro fertilization and ultimately intracytoplasmic sperm injection now offer one solution. As an alternative, although there is a question as to whether the long-term effects of heat are wholly reversible [12] , it seems worthwhile to try to counter what appears in man to be a temperature-related suppression of ejaculate quality [48] [49] [50] .
